Campylobacter jejuni is one of the most common bacterial causes of human gastroenteritis, and recent findings suggest that turkeys are an important reservoir for this organism. In this study, 80 C. jejuni isolates from eastern North Carolina were characterized for resistance to nine antimicrobials, and strain types were determined by fla typing, pulsed-field gel electrophoresis (PFGE) with SmaI and KpnI, and (for 41 isolates) multilocus sequence typing (MLST). PFGE analysis suggested that many of the isolates (37/40 [ca. 93%]) in a major genomic cluster had DNA that was partially methylated at SmaI sites. Furthermore, 12/40 (30%) of the isolates in this cluster were completely resistant to digestion by KpnI, suggesting methylation at KpnI sites. MLST of 41 isolates identified 10 sequence types (STs), of which 4 were new. Three STs (ST-1839, ST-2132 and the new ST-2934) were predominant and were detected among isolates from different farms. The majority of the isolates (74%) were resistant to three or more antimicrobials, and resistance to ciprofloxacin was common (64%), whereas resistance to the other drug of choice for treatment of human campylobacteriosis, erythromycin, was never encountered. Most (33/34) of the kanamycin-resistant isolates were also resistant to tetracycline; however, only ca. 50% of the tetracycline-resistant isolates were also kanamycin resistant. Isolates with certain antimicrobial resistance profiles had identical or closely related strain types. Overall, the findings suggest dissemination of certain clonal groups of C. jejuni isolates in the turkey production industry of this region.
Campylobacter is a leading bacterial agent of food poisoning in the United States and other industrialized nations. The majority (Ͼ90%) of campylobacteriosis cases are caused by Campylobacter jejuni, with the remainder being caused primarily by Campylobacter coli (12, 14) . In addition to acute gastrointestinal symptoms, substantial disease burden due to C. jejuni infection is associated with severe sequelae, including the autoimmune-mediated demyelinating neuropathies Guillain-Barré and Miller Fisher syndromes (28, 32) . Human campylobacteriosis is typically self-limited; when antibiotic treatment is suggested, the drugs of choice are ciprofloxacin (or other fluoroquinolones) and erythromycin (or other macrolides) (29, 32) .
Transmission to humans mainly involves contaminated food, untreated drinking water, or raw milk (1, 12) . Raw or undercooked poultry is a major risk factor for food-borne campylobacteriosis, either directly or through cross-contamination of foods that are ready to eat (3) . In the United States and many other nations, significant effort has been invested in determinations of Campylobacter prevalence in broiler carcasses and in assessment of the associated public health risks (for examples, see references 7, 10, and 34).
In comparison with studies involving broilers, relatively few reports are available on C. jejuni isolates from turkeys. Studies in Europe indicated that C. jejuni was frequently isolated from turkeys preharvest or from turkey meat (4, 36, 37) . Surveys in the United States have revealed that both C. jejuni and C. coli colonize turkeys, with the relative prevalence of the two species varying among different flocks (33, 39, 40) and among samples from different processing plants (23) . In certain flocks, treatments such as feed withdrawal and transport also appeared to influence the C. jejuni-to-C. coli ratio (39) . Production systems (organic versus conventional) may also impact this ratio, with the C. jejuni-to-C. coli ratio being higher in samples from conventionally grown turkeys than in those from birds grown organically (24) . Previous surveys of five commercial turkey flocks in eastern North Carolina (2001 to 2003) revealed a high prevalence of Campylobacter isolates, primarily C. coli, in turkeys, and a high prevalence of resistance to several antimicrobials (22, 33) . Resistance to several antimicrobials was also prevalent among C. coli and C. jejuni isolates from conventionally grown turkeys (24) . However, strain subtyping information on C. jejuni isolates from turkeys in the United States is limited. Furthermore, possible correlations between strain types and antimicrobial susceptibility profiles of the organisms remain unidentified.
Eastern North Carolina is a major contributor to turkey production in the United States. Recently, we described the relative prevalence of Campylobacter isolates, and of C. jejuni versus C. coli, in fecal samples from turkeys grown on farms located in close proximity to swine farms in this region. C. jejuni was found to be the predominant species (isolated from 60% of the Campylobacter-positive samples), and its prevalence in samples from different flocks varied from 31% to 86% (40) . In this study, 80 C. jejuni isolates from this region were characterized for susceptibility to nine antimicrobials. In addi-tion, the isolates were subtyped using three different strain subtyping tools: fla typing, pulsed-field gel electrophoresis (PFGE), and multilocus sequence typing (MLST). These investigations were pursued to characterize the population structure of C. jejuni isolates from turkeys grown in this region and to elucidate the possible associations between strain types and antimicrobial susceptibility phenotypes of the organisms.
MATERIALS AND METHODS
Campylobacter strains and growth conditions. The C. jejuni isolates in this study are listed in Table 1 . These isolates were from the Campylobacter culture collection in our laboratory and had been isolated between 2003 and 2006 from fecal or cecal samples from turkeys grown conventionally in eastern North Carolina. Information on specific antimicrobials that may have been administered to the flocks therapeutically, or for growth promotion, was not available. The majority of these isolates (n ϭ 63) were chosen from a larger collection of C. jejuni isolates obtained during a survey of Campylobacter colonization of turkeys in North Carolina, from 2003 to 2005 (40) . The remaining 17 isolates were obtained during 2006. To maximize diversity, isolates were chosen so as to represent different flocks, farms, and antibiotic susceptibility phenotypes (based on original screens at a single concentration for each respective antimicrobial).
Bacteria were grown as described previously (33) on tryptic soy agar with 5% sheep blood (Remel, Lenexa, KS) at 42°C for 48 h under microaerobic conditions and preserved at Ϫ80°C in cryovials containing brain heart infusion medium (Difco, Sparks, MD) with 20% glycerol.
Antibiotic susceptibility and MIC determinations. MICs were determined for the following nine antimicrobial agents: ampicillin, chloramphenicol, ciprofloxacin, erythromycin, gentamicin, kanamycin, nalidixic acid, streptomycin, and tetracycline. Antimicrobials were purchased from Sigma Chemical Co. (St. Louis, MO), except for gentamicin, kanamycin, nalidixic acid, and ciprofloxacin, which were purchased from Fisher Biotech (Fair Lawn, NJ). The dilution range used for all tested antimicrobial agents was from 0.5 to 256 g/ml (Table 2 ). MICs were determined using the agar dilution method as described previously (24) . C. jejuni ATCC 33560 (purchased from the American Type Culture Collection) was used as the quality control strain. The plates were incubated at 42°C for 48 h under microaerobic conditions, and the MIC was defined as the lowest concentration of an antimicrobial agent that inhibited growth on the plates. The quality control strain and all tested isolates were also grown on Mueller-Hinton agar plates (Becton Dickinson, Sparks, MD) without antimicrobials to ensure viability. The MIC results of C. jejuni ATCC 33560 were within a 3-dilution range for ampicillin, kanamycin, nalidixic acid, and chloramphenicol, for which quality control ranges are not currently available. The resistance breakpoints for all antimicrobials (except for chloramphenicol and streptomycin) were those described previously (24) . For chloramphenicol, the resistance breakpoint was that used for Enterobacteriaceae, as recommended by the Clinical and Laboratory Standards Institute (8) . The resistance breakpoint used for streptomycin was Ն64 g/ml, as described previously (17) ( Table 2) .
DNA extractions, species confirmation, fla typing, PFGE, and MLST. Genomic DNA was extracted using the Qiagen DNeasy kit (Qiagen Inc., Valencia, CA) according to the manufacturer's protocol. To confirm that the isolates were C. jejuni, hip primers were used in PCR, as described previously (33) . PFGE was done using SmaI and KpnI (New England Biolabs) following the PulseNet protocol (http://www.cdc.gov/PULSENET/protocols.htm), with a few minor modifications as described by D'lima et al. (9) , and fla typing was performed as described previously (33) . Tagged image file format images of banding patterns resulting from fla typing and PFGE were analyzed by BioNumerics (version 4.6; Applied Maths, Saint-Marten-Latem, Belgium). Band position tolerance using the Dice coefficient was set at 1%, and clustering was performed using the unweighted-pair group method with arithmetic averages, as described previously (9) . For MLST, we employed previously described primer sets for seven housekeeping genes (aspA, atpA, glnA, gltA, glyA, pgm, and tkt), and PCR conditions were as described previously (27) with minor modifications (95°C for 45 s, 53°C for 45 s, and 72°C for 2 min, over 32 cycles). Amplicons were sequenced at the Genome Research Laboratory of North Carolina State University, and at Davis Sequencing (Davis, CA). Sequence type (ST) identifications were done using the C. jejuni/C. coli MLST database (http://pubmlst.org/campylobacter), and new sequences were assigned new allele numbers and STs as described previously (26) . Putative phylogenetic relationships among the STs were presented using a minimum spanning tree constructed with BioNumerics (version 4.6), as described previously (9) . The numerical index of discrimination (D) was determined as described previously (18) .
RESULTS
Antimicrobial susceptibility phenotypes and MICs. MIC determinations revealed that all 80 C. jejuni isolates were susceptible to erythromycin, chloramphenicol, and gentamicin. There was always agreement between nalidixic acid and ciprofloxacin resistances, and since they have the same mechanism of action, the results for these two antimicrobials are reported here as a single class. No pansensitive isolates were identified. Only five isolates were resistant to a single antimicrobial; SC1453, 8665, and 8904 were resistant only to ampicillin, whereas 11618 and 11640MD were resistant only to tetracycline (Table 1) . Resistance to four or five antimicrobials was encountered among 36 (45%) and 13 (16.3%) isolates, respectively (Tables 1 and 3) . Thus, even though a total of 13 different antimicrobial resistance profiles were identified among the 80 C. jejuni isolates, multidrug resistance profiles (resistance to three or more antimicrobials, with nalidixic acid and ciprofloxacin counted as one) were found in the majority (ca. 74%) of the isolates (Tables 1 and 3) .
When the prevalence of resistance to individual antimicrobials was assessed, we noted high prevalence (60% to ca. 98%) of resistance to ampicillin, tetracycline, streptomycin, and nalidixic acid/ciprofloxacin (Table 2 ). There was a wide range of MICs for all of the antimicrobials, especially tetracycline and streptomycin, for which the widest range (32 to Ͼ256 g/ml) was observed ( Table 2) .
Association between resistance to kanamycin and resistance to tetracycline. A strong correlation was found between kanamycin resistance and resistance to tetracycline. Of the 34 kanamycin-resistant isolates, all but one (strain 9778) were also resistant to tetracycline. The reverse, however, was not true. Only ca. 50% of the tetracycline-resistant isolates were also kanamycin resistant (Tables 1 and 3) .
Strain subtyping reveals three predominant clusters. All 80 isolates were subtyped by fla typing and PFGE using SmaI and KpnI (Fig. 1) . In addition, a subset of 41 of the 80 isolates was chosen for analysis by MLST. These 41 isolates were chosen to represent different subtypes based on fla typing and PFGE profiles, as well as diverse antimicrobial susceptibility profiles. The resulting numerical indices of discrimination (D) for fla typing, PFGE with SmaI, PFGE with KpnI, and MLST, each used separately, were 0.97, 0.969, 0.958, and 0.824, respectively. Higher D values were obtained when the subtyping schemes were combined; D for the combination of fla typing and PFGE (with both SmaI and KpnI) was 0.996 and was not appreciably changed (D ϭ 0.995, for the subset of 41 isolates that was typed by MLST) when MLST subtyping data were also included.
PFGE analysis revealed that 14 isolates (18%) failed to cut with KpnI, in spite of repeated efforts, and therefore, bandbased subtyping analysis of these isolates was based on fla typing and PFGE using SmaI (Fig. 1) . Bionumerics-based cluster analysis of the compiled fla types and PFGE profiles iden- a Isolates in boldface type were a subset of the C. jejuni isolate collection obtained from a previously described survey (40) . b A, ampicillin; K, kanamycin; S, streptomycin; T, tetracycline; Q, (fluoro)quinolone (nalidixic acid and ciprofloxacin).
tified 69 distinct strain subtypes and yielded three major clusters of isolates (with overall identity within each cluster being Ͼ55%), designated A (22 isolates), B (40 isolates), and C (18 isolates). The isolates in the major clusters were derived from several different farms and time points during the 2003 to 2006 period ( Fig. 1 and Table 1 ). Only a few were identical with both fla typing and PFGE. Eight pairs of isolates (three in cluster A and five in cluster B) exhibited identical fla and PFGE subtypes, with five of these eight subtypes involving organisms isolated at different times from the same farm (Fig. 1) . The only subtype with more than two isolates consisted of four isolates (11600, 11603, 8092, and 9585) from four different farms and three different times ( Fig. 1 and Table 1 ). MLST analysis of 41 of the isolates identified 10 STs, of which four (2934 to 2937) were new. Three of the 10 STs were predominant, detected in 73% of the isolates, as follows: ST-2934 (n ϭ 8), ST-2132 (n ϭ 10), and ST-1839 (n ϭ 12). The apparent dissemination of these three STs was further evidenced by the fact that each was found in isolates from different farms and from birds of different ages ( Table 1 ). The remaining seven STs were represented by one to three isolates each (Fig. 2) .
Construction of a minimum spanning tree to evaluate the relatedness among the 10 STs revealed two clusters, one including two predominant STs (ST-2132 and ST-2934) and the other including predominant ST-1839 and closely related ST-2935 and ST-2936 (Fig. 2) . ST-2935 was the only ST in this cluster identified as belonging to a greater ST complex, specifically 1332. The second cluster was primarily comprised of STs belonging to ST complex 353 (STs 2934, 1162, 2132, 1838, and 2937) whereas distantly related ST-1796 was included in ST complex 257 (Fig. 2 ). An ST complex designation was not available for ST-1698 (http://pubmlst .org/campylobacter).
Isolates with the same STs were grouped into the same fla typing-and PFGE-based clusters (Fig. 1) , with one exception; isolate 6102 (ST-2132) was placed in cluster B, whereas all other isolates with ST-2132 were in cluster C. Furthermore, isolates with closely related STs (e.g., 1839, 2935, and 2936) had related fla and PFGE fingerprints. Interestingly, even though STs 1162, 2132, and 2934 were closely related based on MLST (Fig. 2) , they were placed into two different clusters based on fla typing and PFGE (Fig. 1) .
Within each of the three predominant STs (ST-1839, ST-2132, ST-2934), several related strain subtypes could be identified with the combination of fla typing and PFGE (Fig. 3A to C) . In several instances, isolates with the same ST and with identical PFGE patterns were differentiated by distinct fla types (e.g., 7287 and 10882 in Fig. 3A , 5966 and 8635 in Fig. 3C ). Different antimicrobial profiles were noted for strains with the same ST, especially in the case of ST-1839 (five profiles) (Fig. 3A) .
PFGE data suggest DNA methylation among many isolates, mostly in cluster B. In repeated trials, PFGE with SmaI suggested incomplete digestion of genomic DNA of 39 isolates, characterized by the appearance of multiple weak bands in the background between the major bands and a prominent highmolecular-weight band (ca. 1 Mb) at the top of each lane (Fig.  1) . Furthermore, 14 isolates were completely resistant to digestion by KpnI and thus untypeable with this enzyme (Fig. 1) . Digestion of these isolates with KpnI yielded only a large band of presumably undigested DNA, and the corresponding wells in the PFGE gels were unusually bright, also suggesting undigested DNA (see Fig. S1 in the supplemental material).
The majority (37/39 [ca. 95%]) of the isolates with DNA a A, ampicillin; K, kanamycin; S, streptomycin; T, tetracycline; Q, (fluoro) quinolone (nalidixic acid and ciprofloxacin).
b Data in parentheses represent the number of isolates with the ST out of the total number of isolates. ND, not determined.
c Based on fla typing and PFGE profiles (Fig. 1) . . Three cluster B isolates (6532, 6628, and 6451) had DNA that could be completely digested with SmaI; all three of these isolates had the same fla and SmaI PFGE profiles, and two were of ST-1839 (ST of the third isolate was not determined) (Fig. 1) . The majority (12/14 [86%]) of the KpnIuntypeable isolates were also in cluster B, and several (9/14) had DNA that was incompletely digested with SmaI (Fig. 1) . Antimicrobial susceptibility profiles and strain subtypes. Strains with some of the predominant antimicrobial resistance profiles tended to be found in the same cluster on the dendrogram constructed using fla typing and PFGE data. For instance, 15 of the 17 isolates with resistance profile 10 (ATSQ), and 9 of the 13 isolates with resistance profile 12 (ATSKQ), were placed in cluster B; isolates with less-predominant antimicrobial resistance profiles also tended to be in the same fla-PFGE cluster (Table 3) . However, a bidirectional association between specific fla-PFGE fingerprints and antimicrobial resistance profiles was not observed except in the case of the two isolates with profile 13 (resistance to only tetracycline) and the six isolates with profile 2 (AQ), which had related fingerprints (Ն70% similarity) (Fig. 1) .
Similar findings were obtained with MLST. For instance, most (8/9) of the MLST-typed isolates with antimicrobial resistance profile 10 (ATSQ) had closely related STs: ST-1839 (n ϭ 4), ST-2935 (n ϭ 1), and ST-2936 (n ϭ 3). As mentioned earlier, ST-2935 and ST-2936 were closely related to ST-1839 (one allele difference each) (Fig. 2) . All tested isolates with resistance profile 2 (AQ) had ST-2934, and all (of those tested) with profile 3 (AS) had ST-2132 (Table 3) . However, bidirectional agreement between ST and resistance profile was detected only in the case of ST-1698, which was exclusively found in the two isolates with relatively rare resistance profile 13 (resistance to tetracycline only) ( Table 3 ). These two isolates also harbored identical fla-PFGE fingerprints (Fig. 1) . However, the availability of only two isolates with this resistance profile does not permit conclusions as to possible associations between ST-1698 and this resistance profile.
DISCUSSION
In the current study, we analyzed population structure and resistance to several antimicrobials among 80 isolates of C. jejuni from eastern North Carolina. None of the isolates were found to be resistant to chloramphenicol, gentamicin, or erythromycin. In contrast, we observed a high prevalence of resistance to ampicillin, tetracycline, streptomycin, kanamycin, nalidixic acid and ciprofloxacin, and most isolates were resistant to multiple (three or more) antimicrobials. Prevalence of resistance to ampicillin was noticeably higher in the current study than previously reported in conventionally grown turkeys (97.5% versus 12.5%) (24) . Furthermore, none of the 80 isolates that we investigated were resistant to erythromycin, in contrast to the erythromycin resistance prevalence of 19.2% reported previously (24) . MIC distributions in the current study also showed several differences from those previously reported (24) , especially in regard to ampicillin and tetracycline, for which MICs were noticeably higher among our isolates. Such differences could be caused by a variety of factors, including region, time period, and farm practices related to antimicrobial use. Investigation of resistance profiles showed that most isolates resistant to kanamycin were also resistant to tetracycline, although the reverse was not the case. In C. jejuni, tetracycline resistance is typically conferred by plasmid-associated tet(O) (13, 35) , and genetic determinants for resistance to kanamycin and tetracycline can be cotransferred via conjugation (19, 21) .
Isolates that were resistant both to kanamycin and to tetracycline had diverse STs and fla-PFGE types, as did those in which resistance to tetracycline was not accompanied by kanamycin resistance. Such findings suggest that plasmids harboring a kanamycin resistance determinant as well as tet(O) may have disseminated among C. jejuni strains of different genetic backgrounds. It will be of interest to determine whether C. coli from turkeys may also exhibit the observed correlation between resistance to kanamycin and resistance to tetracycline.
The combination of fla typing and PFGE identified distinct subtypes among isolates of the same ST, which is consistent with findings reported by Bae et al. (5) . These findings indicate the usefulness of MLST for detection of specific clonal groups, the population structure of which can then be characterized at higher resolution with fla typing and PFGE. Similar findings were described with multidrug-resistant clonal groups in C. coli isolates from turkeys (9) .
In the case of C. jejuni isolates from turkeys, MLST may be especially valuable, because numerous isolates exhibited partial digestion with SmaI, and several also had DNA that could not be digested at all by KpnI, suggesting the presence of methylases. Interestingly, the putative methylases were largely a characteristic of one clonal group (fla-PFGE cluster B). The identification of a substantial number of isolates that were completely refractory to digestion with KpnI points to limitations concerning the use of this enzyme for PFGE of C. jejuni isolates from turkeys. The biological significance of DNA methylation such as that suggested by our data (partial methylation at SmaI sites and complete methylation at KpnI sites) remains to be investigated.
Of the 10 STs identified among the isolates that were subtyped by MLST in this study, three (ST-1839, ST-1162, and ST-1838) were previously reported only in turkey isolates. On the other hand, ST-1698 was encountered in an isolate from a chicken, and STs 1796 and 2132 were detected in isolates from human cases of illness (http://www.pubmlst .org/campylobacter). Further studies are needed to assess possible host associations of some of the STs (e.g., ST-1839 with turkeys).
We identified several isolates that were derived from different farms and had identical STs and either identical or closely related fla-PFGE patterns. Such findings suggest the dissemination of specific clonal groups among different farms in the turkey industry of the region. Possible vehicles for strain dissemination may include insects, other animals, groundwater, or human traffic (6, 15, 30, 31) . Clonal groups were also identified among multidrug-resistant C. coli isolates from turkeys in this region (9, 22) , as well as among C. coli and C. jejuni isolates from cattle and other meat animals (2, 5, 11, 20) .
Several isolates with the same ST and identical or closely related PFGE patterns (with SmaI and KpnI) were found to have different fla types. Diversity in fla types among isolates with identical PFGE patterns was also described earlier in a study of C. coli isolates from successive turkey flocks at the same farm (22) . The observed diversity in fla types among apparently related isolates likely reflects genetic instability involving the flagellin locus, described in several studies (16, 25, 38) , and may contribute to antigenic diversity and host evasion strategies of the bacteria.
Isolates with certain antimicrobial resistance profiles were found to have the same ST and belonged to the same fla-PFGE cluster. On the other hand, isolates with identical or closely related strain types often differed in antimicrobial resistance profiles. The latter types of isolates may have shared a common ancestor and acquired (or lost) determinants related to antimicrobial resistance, possibly in response to selection pressures related to exposure to relevant antimicrobial agents. Isolates with ST-2934 and antimicrobial resistance profiles 2 (AQ) and 8 (ATKQ) may represent an example of such a scenario. Such isolates had identical or closely related fla-PFGE patterns, and it is conceivable that the differences in their antimicrobial resistance profiles could reflect the presence or absence of a plasmid conferring resistance to both tetracycline and kanamycin and not detectable by PFGE subtyping. As discussed earlier, resistance to both kanamycin and tetracycline has been reported to be plasmid mediated in Campylobacter (19, 21) .
In conclusion, the combined use of different subtyping schemes (fla typing, PFGE, MLST) has revealed distinct clonal groups of C. jejuni colonizing conventionally grown turkeys in eastern North Carolina, a major turkey production region in the United States. Although isolates of certain antimicrobial resistance profiles had identical or closely related strain types, strain subtype data generally did not allow the prediction of antimicrobial resistance profiles. Further studies are needed to determine whether genotypes and clonal groups of the isolates analyzed in this study are representative of those in other turkey-growing regions and to assess the extent to which C. jejuni strains and clonal groups predominant in turkeys may also be found in other animal hosts.
